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Mammalian embryos can only survive if they attach to
the uterus (implantation) and establish proper ma-
ternal-fetal interactions. To understand this complex
implantation pathway, we have initiated genomic
analysis with a systematic study of the cohort of genes
expressed in extraembryonic cells that are derived
from the conceptus and play a major role in this pro-
cess. A total of 2103 cDNAs from the extraembryonic
portion of 7.5-day post-conception mouse embryos

yielded 3186 expressed sequence tags, [40% of which

were novel to the sequence databases. Furthermore,
when 155 of the cDNA clones with no homology to
previously detected genes were genetically mapped,
apparent clustering of these expressed genes was de-
tected in subregions of chromosomes 2, 7, 9 and 17,

with 6.5% of the observed genes localizedinthe  t-com-

plex region of chromosome 17, which represents only

[1.5% of the mouse genome. In contrast, X-linked
genes were under-represented. Semi-quantitative RT—
PCR analyses of the mapped genes demonstrated that
one third of the genes were expressed solely in extra-
embryonic tissue and an additional one third of the

genes were expressed predominantly in the extra-
embryonic tissues. The over-representation of
extraembryonic-expressed genes in dosage-sensitive

autosomal imprinted regions and under-represen-
tation on the dosage-compensated X chromosome

may reflect a need for tight quantitative control of
expression during development.

INTRODUCTION

A recent survey of mouse gene knockouts and spontaneous
mutations concludes that implantation and subsequent develop-
ment of the placenta are critical for the survival of the mammalian
embryoin utero(1). In the human, clinicians have observed that
about one to two thirds of human embryos die before birth, with
the majority of these deaths occurring in the peri-implantation
period @,3). The key to the maternal—fetal interaction is the
extraembryonic cells, which are derived from the conceptus but
do not participate in formation of the embryo propk#,p).
Among these cells, trophoblast giant cells especially play
multiple important roles as: (i) the leading edge of embryo
invasion of the maternal endometrium; (ii) an immunological
barrier protecting the embryo from the maternal immune
response; and (iii) an endocrine organ, synthesizing and secreting
steroid and peptide hormones-).

Genomic imprinting plays an important role in the formation
and function of extraembryonic tissues8j. Androgenotes
carrying two paternally derived haploid genomes develop a
relatively normal extraembryonic trophoblast and yolk sac,
whereas the embryo itself develops very pod}¥@. Complete
human hydatidiform moles, for example, are androgenigs (

In contrast, gynogenotes carrying two maternally derived haploid
genomes show relatively normal development of the embryo
itself, but the extraembryonic tissues develop pod¥Qj. In

another example of parental-specific dosage control, the
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paternally derived X chromosome is preferentially inactivated in
extraembryonic tissues of placental mammai, (whereas in
other somatic tissues X chromosome inactivation occurs
randomly (3).

As a first step toward understanding the function of
extraembryonic tissues at the implantation site, we employed
systematic sequencing and mapping analyses of genes expressed
in the upper half (extraembryonic portion) of the 7.5 days
post-conception (d.p.c.) mouse embryo. The study reveals many
interesting genes, many of them unexpectedly clustered in the
mouse genome. Possible implications of this finding for
extraembryonic tissue function and genomic imprinting are
discussed.

RESULTS

Construction of a cDNA library and profiles of
collected cDNAs

We constructed a cDNA library from the upper half of the 7.5
d.p.c. mouse embryo. Although the tissue consists of trophoblast _ _ _
giant cells, the ectoplacental cone (EPC, precursor of trophob|a§|gure 1.Experimental strategy. (Left) Transverse section through entire uterus

: owing implanted 7.5 d.p.c. mouse embryo. The section is stained with
cells, the IargeSt mass in the sample) and the eXtraembryorﬂgmatoxylin and eosin. (Right) Schematic representation of the embryo. EPC,

ectoderm (Figl), for brevity this CONA library will be called the  ectoplacental cone; Extra. Ectoderm, extraembryonic ectoderm; TGC, tropho-
7.5 EPC library and the genes recovered from this library will bevlast giant cells.

called 7.5 EPC genes. A total of 2103 cDNAs picked randomly
from this cDNA library were sequenced to develop 318
expressed sequence tags (ESTs) (19&53s, 1197 5ESTS).
Comparisons among these ESTs suggest that there are
distinct cDNAs in this group. Sequence searches of thé&s8T3

6potent hypotensive peptide, is highly expressed in trophoblast
iant cells at the implantation siteg).
terestingly, the expression profile also includes a group of

X . . genes previously detected as expressed in vascular endothelial
against a public database using Blastf) fevealed that 40% cells, e.g.Adm (0.35%) and VE-cadherin (MMVECADH,

(804/1989) of the cDNA species were previously unknown in th8 0% : L . .
; ; .10%). This suggests some similar properties of extraembryonic
B(I)\In:esguzgiga %?griaar;:f)nd)atlgl?ratlﬁgrévérr"eChseCaorgLaelrs]saagirr]giat? hoblast giant cells and vascular endothelial cells. It is
\ Seq : ' > age Bnsistent with a recent report that suggests such a similarity
public EST database (dbEST)] also showed that a significant based on a comparable switch in integrin expresgign éven

fraction (17%, 329/1989) of ESTs from the 7.5 EPC library wer ; -
new. Thus it appears that many developmentally important gen?nongh the embryological origins of the two cell types are

have not been detected in the current large-scale EST proje§§mpletely different,20).
very likely because of tissue bids5).

The frequency of individual cDNA clones included in this ES
collection is a reflection of the expression level of these geneslimcalization of new genes on the mouse genetic map was
the tissue source used for cDNA library constructiof.(Table  performed as describedl). In brief, unique PCR primer pairs
1 shows the gene expression profiles ®ESTs which were were designed from the-Bntranslated region (UTR) of each
identified as known genes listed according to the frequency wittovel cDNA. The use of theé-BITR of cDNAs as the target for
which they were found in this cDNA library. Well-recognizedPCR amplification increases the probability of finding sequence
cDNA sequences with characteristic functions in extraembryonfmolymorphisms between C57BL/6J avids spretu¢2?). A total
tissue at this developmental stage were recovered at levels751 PCR primer pairs were synthesized. Approximately 500
appropriate for the extraembryonic tissues: for example, prolaof the primer pairs gave a unique PCR product of the expected
tin-like protein A Pripa, 0.65% of the total), placental lactogen-I size from both mouse strain DNAs in our standardized PCR assay,
(P11, 0.60%), H19 K19, 0.50%), proliferin PIf, 0.40%), a success rate in line with previous results based-fTR
placental lactogen-| variant (RNU32679, 0.15%), Cea5 (MUSsequences from other cDNA sequences from GenBank as the
CEAS5, 0.15%), connexin31 (MMCX31, 0.10%), endo B cyto-source of marker().
keratin (MUSKTCEB, 0.10%), placenta and embryonic The original gene mapping method used primarily PCR—RFLP
expression genePém 0.10%) and X-inactivation-specific (22), but we have recently noted th&5% of usable primer pairs
transcript Kist, 0.05%). Genes were also encountered which hachn detect polymorphism between C57BL/6J and SPRET/Ei
not previously been shown to be expressed in extraembryor(id.spretu3 by simple heteroduplex analysid3j. Most of the
tissues, e.g. adrenomedulliadm 0.35%),Wnt6 (0.10%) and primer pairs described in this paper were mapped by this
tropomyosin-4 (RNTM4, 0.10%). The presence of these genestateroduplex method. These primer pairs were used to type an
relatively high abundance suggests that they have a previougtyerspecific backcross mouse panel (BSS panel of 94 animals
unrecognized importance in extraembryonic tissue developmef{C57BL/6JEi x SPRET/Ei)x SPRET/EI]) from the Jackson
Indeed, we have recently demonstratednbsitu hybridization  Laboratory 24). The data were analyzed using the Map Manager
and northern blot analyses that #@mgene, which encodes a program £5).

.I.Genetic mapping of newly identified cDNAs



Table 1. Genes that appeared more than twice in tHeS3 collection
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Identification Frequency Identification Frequency
Mus musculusreast heat shock 73 protein (hsc73) mRNA 16 Homo sapiensnRNA for gClg-R 2

Mus musculugprotein synthesis elongation factor Tu (eEF-Tu) 14 Haemophilus influenzaera, fdhE, holD, lepA, lepB, riml 2

Rat prolactin-like protein A (rPLP-A) mRNA 13 Homo sapiensplicing factor, arginine/serine-rich 7 (SFRS7) 2
Mouse placental lactogen | (PL-) mMRNA 12 Mus domesticutetus cerebral cortex mMRNA 2

Mus musculusil9 mRNA 10 Mus domesticumRNA for 14-3-3¢

Mouse ferritin light chain 10 Human capping proteimRNA

Mouse heat shock protein 86 mRNA 9 Human cytochrome bc-1 complex core protein Il mMRNA 2
Mouse cytoplasmig-actin gene Human cytochrome c1 mRNA 2
Mouse proliferin mMRNA Human DNA sequence from cosmid V870H8 2
Mouse (clone M1) GTPase (Ran) mRNA 7 Human fetal brain: promyelogeneous leukocyte mRNA for TPRD 2
Mouse cytoskeletal mRNA fd@-actin 7 Human HLA-B-associated transcript 3 (BAT3) mRNA 2
Mouse mRNA for translational controlled 40 kDa polypeptide 7 Human hnRNP A2 protein mRNA 2
Human mRNA for ORF 6 Human mRNA (KIAA0071) for ORF (novel protein) 2
Mus musculusmRNA for testis-specific thymos{p-10 6 Human mRNA for 19 kDa protein of signal recognition particle

Mouse 84 kDa heat shock protein mRNA 6 Human mRNA for KIAA0183 protein 2
Mouse glyceraldehyde-3-phosphate dehydrogenase mRNA 6 Human mRNA for ORF 2
Mouse nucleolin gene 6 Mus musculugiene foro-catenin 2

Rat majora-globin mRNA 6 Mus musculus\P-2.2 gene

Rat mitochondrial ATP synthagesubunit mRNA Mus musculubgbp gene foB-galactoside binding protein 2

Rat mRNA for adrenomedullin precursor 6 Mus musculu®NA for a globin gene and flanking regions 2
Mus musculug5S pre-rRNA gene Mus musculugene for haem oxygenase (exon 5) 2
Mus musculusnRNA for ribosomal protein S3 Mus musculusnitochondrial 12S rRNA 2

Mus musculusnRNA for tropomyosin 5 (3UTR) 5 Mus musculusnitochondrial malate dehydrogenase gene 2
Mouse 18S rRNA gen€e-Bnd Mus musculusnRNA for connexin31 2
Mousea-tubulin gene Ma-2, 3-end 5 Mus musculusnRNA for L14 lectin 2
Mouse metallothionein Il (MT-I) gene 5 Mus musculusnRNA for Rab7 protein 2
Mouse mRNA for elongation factord{EF 1) 5 Mus musculusnRNA for ribosomal protein L37a 2
Mouse mRNA for ribosomal protein S6 Mus musculusnRNA for ribosomal protein L5,'@nd 2
Mouse nucleolar protein NO38 mRNA Mus musculusnRNA for secretin 2

Mus musculusalmodulin synthesis (CaM) cDNA 5 Mus musculusnRNA TNZ2 for p68 RNA helicase 2

Mus domesticuadult brain mRNA 4 Mus musculutN\RF1 mRNA 2
Human initiation factor elF-5A gene 4 Mus musculugpS6 gene 2
Human mRNA (KIAA0045) for ORF 4 Mus musculuy¥/E-cadherin gene\ clone) 2

Mus musculusnRNA for poly(A)-binding protein 4 Mouse argininosuccinate synthetase (Ass) mRNA 2
Mus musculusnRNA for TAX-responsive element-binding protein 4 Mouse calmodulin (Cam 1) mMRNA 2
Mouse A-X actin mRNA 4 Mouse cyclophilin mRNA 2
Mouse catalase mRNA 4 Mouse elongation factor 2 (ef-2) mRNén® 2
Mouse heat shock protein hsp84 mRNA 4 Mouse embryonal carcinoma cell mRNA for 3-hydroxyacyl CoA 2
Mouse mRNA for acidic ribosomal phosophoprotein PO 4 Mouse endo B cytokeratin mRNA 2
Mouse mRNA for G proteifs subunit homolog 4 Mouse gelsolin gene 2
Mouse mRNA for nuclear pore-targeting complex component 4 Mouse insulinoma (rig) mRNA 2
Mouse ribosomal protein S4 (Rps4) mRNA 4 Mouse intgBdirsubunit mMRNA 2
Murine mRNA for J1 protein, yeast ribosomal protein L3 4 Mouse LT lymphotoxin (LT) gene 2
Mus musculuscidic ribosomal phosphoprotein P1 mRNA 4 Mouse mRNAxfenolase (2-phospho-d-glycerate) 2
Mus musculu€DC42 mRNA 4 Mouse mRNA for apg-2 2
Mus musculuERCC2 gene 4 Mouse mRNA for CArG-binding factor-A 2
Mus musculugat facets homolog (Fam) mRNA 4 Mouse mRNA for cysteine-rich glycoprotein SPARC 2
Rattus norvegicumRNA for ribosomal protein L4 4 Mouse mRNA for monoclonal non-specific suppressor factor 2
Rattus norvegicumRNA for ribosomal protein L41 4 Mouse mRNA for pyrubate kinase M 2
Rattus rattusnRNA for ribosomal protein L11 4 Mouse placenta and embryonic expression gene (pem) mRNA 2
Rattus rattusnRNA for ribosomal protein L23a 4 Mouse ribosomal protein L19 2
Rat mRNA for ribosomal protein L17 4 Mouse surfeit locus (Surf-3) processed pseudogene 2 2

Continued overleaf



1970 Human Molecular Genetics, 1998, Vol. 7, No. 12

Table 1.Continued

Identification Frequency Identification Frequency
Rat mRNA for ribosomal protein L18a 4 Mouse ubf gene for transcription factor UBF 2

Rat mRNA for ribosomal protein L7a 4 Mouse Wnt-6 mMRNA 2
Sequence 5 from US patent 4758511 3 Mus musculugclone pvVZmSin3B) mSin3B mRNA 2
Cricetulus longicaudatussl gene for arginyl-tRNA synthetase 3 Mus musculugclone R24) rds gene

Homo sapiensnRNA for activin3-C chain 3 Mus musculugclone: pMAT1) mRNA

Homo sapiensinRNP F protein mRNA 3 Mus musculusi-globin mRNA

Human histone H2A.Z gene, upstream promoter sequence 3 Mus musculuB6D2F1 clone 2C#4 mRNA 2
Leucine aminopeptidase (cattle, kidney, mRNA, 2056 nt) 3 Mus musculushaperonin mRNA 2

Mus musculusnRNA for calmodulin 3 Mus musculusommon cytokine receptgrchain gene 2

Mus musculusnRNA for mitochondrial gene for subunit | 3 Mus musculusytokeratin no. 19 mRNA 2

Mus musculusyndecan-1 Mus musculugolate-binding protein gene;-end 2

Mus musculugdgfl gene Mus musculusisp70-related NST-1 (hsr.1) mRNA 2
Mouse 18S, 5.8S, 28S rRNA gene cluster (clone pMEB3) 3 Mus musculutAF1 transketolase mRNA

Mousea-tubulin isotype Me-6 mRNA 3 Mus musculugaminina5 chain (Lama5) mRNA

Mouse ATP synthase subunit Mus musculug/mphoid-specific transcription factor NFATc3

Mouse ERp99 mRNA encoding an endoplasmic reticulum 3 Mus musculud/T transposon-like element, clone MTi7

Mouse facilitated glucose transport protein mRNA 3 Mus musculusiuclear-encoded mitochondrial acyltransferase

Mouse Ig-related glycoprotein-70 mRNA 3 Mus musculu®aneth cell enhanced expression PCEE mRNA 2
Mouse lactate dehydrogenase A-4 (LDH-A) mRNA 3 Mus musculuphosphoglycerate kinase (Pgkl-ps1) processed 2
Mouse mRNA for cyclophilin (EC 5.2.1.8) 3 Mus musculusetinoblastoma-binding protein (mRbAp46) mRNA 2
Mouse mRNA for prothymosio 3 Mus musculusibosomal protein (Ke-3) mRNA 2
Mouse mRNA for ubiquitin 3 Mus musculusbosomal protein L9 (musl9) mRNA 2
Mouse replication-dependent histone H2A.1 gene 3 Mus musculugranslation initiation factor 4E (elF-4E) 2
Mus musculu€ea5 mRNA 3 Mus sp. nucleic acid-binding protein mRNA 2
Mus musculugarge ribosomal subunit protein mRNA 3 Phosphoglycerate mutase type B subunit (rats, liver, mMRNA) 2
Mus musculusibosomal protein L8 (RPL8) mRNA 3 Rattus norvegicuéSprague—Dawley) ribosomal protein S23 mRNA 2
Mus musculusibosomal protein S26 (RPS26) mRNA 3 Rattus norvegicu€15 mRNA 2

Mus musculuRNA helicase mRNA 3 Rattus norvegicugenes for 18S, 5.8S and 28S rRNAs 2
Mus musculugranslation initiation factor (Eif4g2) mRNA 3 Rattus norvegicumRNA for elongation factord 2
Rattus norvegicuéSprague—Dawley) ARL5 mRNA for ARF-like protein 3 Rattus norvegicumRNA for ribosomal protein S9 2
Rattus norvegicumRNA for ribosomal protein S21 3 Rat alternative braif*@TPase mRNA 2

Rat brain C&*-ATPase MRNA 3 Rat clathrin heavy chain mRNA 2
Rat mRNA forf-globin 3 Rat liver mRNA for proteasomal ATPase (TBP1)

Rat mRNA for ribosomal protein S3 3 Rat mitochondrial proton/phosphate symporter mRNA 2
Rattus norvegicuslone C426 intestinal epithelium Rat mRNA for 14-3-3 progeinbtype 2
Rattus norvegicuplacental lactogen-I variant mRNA Rat mRNA for ribosomal protein L23 2
42 kDa membrane glycoprotein (human, gastric carcinoma cells) 2 Rat mRNA for ribosomal protein L35 2
B-HKA, H,K-ATPasep-subunit (rat) 2 Rat mRNA for ribosomal protein S10 2
Bovine mitochondrial adenylate kinase (AK2B) mRNA 2 Rat mRNA for ribosomal protein S14 2
Bovine mRNA for actin2 2 Rat mRNA for tissue factor pathway inhibitor 2
Chinese hamster gene for polyubiquitin 2 Rat ribosomal protein L18 mRNA 2
Chinese hamster ovary (CHO) ribosomal protein S14 mRNA 2 Rat TM-4 gene for fibroblast tropomyosin 4 2
Chinese hamster P1 protein mRNA 2 Rattus norvegicusukaryotic initiation factor 5 (elF-5) 2
Cricetulus griseug-tubulin isotype | mMRNA 2 Rattus norvegicugene 33 DNA, exon 4 and-énd 2
Cyclotellaspp. rRNA large subunit 2 Rattus norvegicutaipoxin-associated calcium-binding protein 2
Differentially expressed homolog of HepG2 cDNA clone 2 Rattus rattuseukaryotic initiation factor (Eif-2) 67 kDa 2
Homo sapiensnitoxantrone-resistance associated mRNA 2 SCP-2, sterol carrier protein-2'{gion} (mice, C57BL/6) 2

The locations of 155 new cDNAs are shown in FigurEor

the contributions of many researchéts)(

Unexpectedly, these novel 7.5 EPC genes showed an uneven
clarity of presentation, the map shows only the locations of gendsstribution in the mouse genome (Rj).Genes were apparently
derived from this 7.5 EPC library, although the map is anchorezlustered in subregions of many chromosomes: chromosome 2
extensively by 354 Mit markers and many gene markers througpbroximal and distal), chromosome 4 (distal), chromosome 5
(proximal), chromosome 7 (proximal and distal), chromosome 9
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Figure 2. Genetic map of the Jackson Laboratory BSS cross (data taken from July 1997 release) showing the distribution of 7.5TERGgere®ws all positions
that contain loci marked with ticks and lists the specific locations of genes derived from the 7.5 EPC library. The méyoreddgrz54 Mit markers and many
gene markers through the contributions of many researchers (see http://www.jax.org/resources/documents/cmdata/bkmap/BSS.html ).
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(middle), chromosome 11 (distal) and chromosome 17 (proxcalculated. Contrary to our original expectation, the X chromo-

mal) (Fig.2). some was significantly under-represented in 7.5 EPC genes (OR
0.264, 95% CI 0.031, 0.994).

Statistical analysis of the distribution of 7.5 EPC genes Secondly, to investigate those chromosomes (or regions) where

on the mouse genome 7.5 EPC genes are abundantly distributed compared with the

reference populatiorx? tests of 22 tables were conducted for

Because ofthe |n'volvement oftheX_chromosome n extraembrgéch chromosome (Tab®. The Bonferroni correction was
onic tissue function (see Introduction), we originally hypothe-

sized that many genes would map to the X chromosome. Tﬁgﬁployed for. this exploratory'analysmt, to avoid multiple testing
results were quite the opposite. The probability of appearance Pblems. With the E_;onferrom corrgct_lonPa/a!ue_ C.’f <0.0023 .
the 7.5 EPC genes on the X chromosome was compared with t 5./22) was considered as stat|st|callly S|gn|f|cqnt. By this
of a reference population of all coding loci (2504) on théfiterion, chromosome 17 showed a higher density of EPC-
backcross panel. The reason for using all coding loci as &Pressed genesP (= 0.003). The proximal domain of
reference population (rather than the physical length of the mif;yromoson)e_ﬂ includes theomplex regionZ8,29) and, when

is that distribution of genes in general is not uniform in the mougrther statistical analysis was conducted by splitting chromo-
genome £6). This sample should be relevant for both autosome¥ome 17 intd-complex (centromere #42-M2) and nort-com-

and the X chromosome and would correct for any chromosomBlex regions, statistically significant clustering of 7.5 EPC genes
specific bias, such as a lower density of genes, as reported for thdhet-complex was observe® (= 0.0005). In addition to the
human X chromosome2(). As shown in Table2, 4.7% novel genes, we found three other previously defined genes
(118/2504) of the reference population were localized on the {cpl H2-Ke2andH2-Ke4) in the cDNA collection that also map
chromosome, while 1.3% (2/155) of the 7.5 EPC genes wet® this region (Fig3B).

localized on the X chromosome. To test the hypothesis, the oddg hese results clearly indicate clustering of the 7.5 EPC genes
ratio (OR) and the 95% confidence interval (95% CI) wer®en the mousécomplex.

Table 2. Comparison of chromosomal distribution of markers between all genetic loci and 7.5 EPC gene loci on the BSS backcross map

Chromosome All loci Wsu loci P-value
No. of loci % No. of loci %
1 156 6.2 5 3.2 0.128
2 201 8.0 14 9.0 0.656
3 112 45 7 4.5 0.988
4 163 6.5 11 7.1 0.774
5 162 6.5 11 7.1 0.759
6 127 5.1 9 5.8 0.687
7 161 6.4 11 7.1 0.743
8 137 5.5 7 45 0.610
9 99 4.0 10 6.5 0.128
10 115 4.6 8 5.2 0.744
11 179 7.1 9 5.8 0.527
12 82 3.3 3 1.9 0.483
13 146 5.8 7 45 0.496
14 94 3.8 3 19 0.373
15 80 3.2 7 45 0.370
16 86 34 6 3.9 0.773
17 101 4.0 14 9.0 0.003
17 (-complex) 52 21 10 6.5 0.0005
17 (outsidet) 49 2.0 4 2.6 0.590
18 84 34 5 3.2 0.931
19 94 3.8 6 3.9 0.941
X 118 4.7 2 1.3 0.045
Y 7 0.3 0 0.0 >0.999

Total 2504 100.0 155 100.0
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onic tissues was shown to be the same as that in the embryonic
tissues. In contrast, the adrenomedulidr) gene, which has

Ag?mma B OOOE®RQOQOMN o . .
EOOCENDOLDOMN been shown to be expressed specifically in extraembryonic
1 TWou186s ®SHHHERHEHHE tissues (especially in trophoblast giant celi8), showed PCR
| DSl BESEN BN NSRS | products only in extraembryonic tissues. Thus, limiting dilution
= B = E = = E E = RT—PCR analysis appears to reflect the expression levels of genes
aHEHEEREHE both in extraembryonic and embryonic tissues.
EOEENEDONODODOMN Data obtained for 150 cDNA species are summarized in Figure
BHBBHERHBR 5. Of the genes examined by RT-PCR, 32.7% (49/150) were
ECOEEO0OCEQO N expressed only in the extraembryonic tissues, 9.3% (14/150) were
SEEREEBEERE expressed in the extraembryonic tissue at levels 100-fold higher
B2 1 2 1 1 3 2z 2 than in embryonic tissue and 24.0% (36/150) were expressed in
the extraembryonic tissue at levels 10-fold higher than in
17 embryonic tissue.
se N offset Because we have not selected cDNA clones which are uniquely
o expressed in the extraembryonic tissues, this cDNA collection
X, Sl DTMAS should and does also include genes expressed in embryonic
Y b tissues. For example, 17.3% (26/150) of genes showed the same
" S ak level of expression both in extraembryonic and embryonic tissues
v Pig Tept Igfar Mas1 w73 and 2.7% (4/150) showed 10-fold higher expression in the
5 oty TR T A embryonic tissues than in the extraembryonic tissues. Further-
M=t CUMES: R more, 12.7% (19/150) of genes were expressed at a very low level
120—— in both embryonic and extraembryonic tissues and yielded no
Y 0—— RT-PCR products and 1.3% (2/150) of genes showed only
% SEE embryonic expression. The lack of detectable expression of these
» sl DivMte s ™ genes in_ extraembryonic tis_sues may mean that some cDNA
i HaKe2 Ha-Kes 112 clones with very low expression levels were included by chance.
I I e I Alternatively, these clones may be the result of slight contamina-
[ onMics pamz) . © 20— tion of the tissue sample used to make the clones with some
2401 extraembryonic cells.
In summary, about two thirds of the genes showed either unique
’I/ /f expression in the extraembryonic tissues or higher expression in
extraembryonic than in embryonic tissues. This confirms the

The Jackson Laboratory The Jackson Laboratory

BSS Backcross Map Composite Map in MGD expectation that ESTs sampled from the extraembryonic tissues

reflect the gene expression patterns in those tissues.

Figure 3. (A) Haplotype figure of the Jackson Laboratory BSS proximal N .
chromosome 17 mapping data. Loci are listed in order with the most proximapharaCterlzatlon of genes Clustered in thecomplex

at the top, with no order implied for co-segregating loci. The filled boxes [€gion
represent the C57BL/6J allele and the open boxes represent the SPRET/Ei o
allele. Numbers at the bottom of each column of boxes are the total number diVhere are the new ‘clustered’ genes withinttbemplex and are

animals with that haplotypeB) Detailed map of the Jackson Laboratory BSS they actually related in any way? Fig@reompares a magnified

chromosome 17 proximal region (left) compared with the composite map with, ,; ; ; ;
important landmarks (right). (Left) Red, Wsu markers; black, anchor markers.VIeW of the genetic map of the chromosome 17 prOX|maI region

(Right) red, mouse mutant loci; black, anchor markers; blue, known imprintedWith the Compc’Sit_e map, anchored t_)y imPOFtam landmarks.
genes. Genes expressed in the extraembryonic portion of the 7.5 d.p.c.

embryo were clustered in five subregions ofttbemplex (Wsu

loci in red). The most proximal bin may result from the effects of
the large inversion, ‘Inversion 2', between C57BL/6J and
M.spretus (29). As is well documented, inversion reduces
observed meiotic recombination in the region and causes
To test whether these mapped genes are expressed specificallgigtortion of the genetic magRg). However, this is the only

the extraembryonic tissues, we performed semi-quantitatidvenown inversion between C57BL/6J avidspretusand, thus, the
RT—PCR analyses of genes mapped in this study. The samwerall clustering of genes on the genetic map may instead reflect
amount of cDNA pools derived from extraembryonic tissues anttheir physical proximity. In support of this possibility, when a
embryonic tissues were sequentially diluted in 10-fold steps. BAC library was screened using four of the cDNA clones chosen
cDNA fragment was amplified from each diluted cDNA pool byrandomly as probes, we found that at least two g&xi§&Vsulle
PCR with gene-specific primer pairs and run on non-denaturirmndD17Wsul5gwere recovered in a single 175 kb BAC clone.
polyacrylamide gels. Figureshows an example of the ethidium Southern blot analysis refined the distance between these two
bromide stained gels. The amount of each gene-specific cDNgfenes to <10 kb (data not shown).

fragment contained in the individual cDNA pools can be roughly Because the mapped 7.5 EPC genes showed no significant
estimated by their relative band intensities in the gel. As a contr@equence similarity among themselves, clustering obviously does
the abundance of cytoskelefiahctin cDNA in the extraembry- not reflect descent from a duplicated ancestral g&B)eds with

Expression analyses of mapped genes by RT-PCR
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Actb Adm Di1Wsu22e DiWsusBe DiWsuBde
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Iy N

I 1 T 1
Emb Ext Emb Ext
I N ]

Figure 4. Example of RT-PCR analyses.

theHox(31) andglobin(32) gene clusters. To look more carefully (i) EST sequence data, now deposited in the NCBI dbEST (

for any sequence similarities, the 7.5 EPC cDNA clones thatdds expression profile information for randomly selected cDNA

mapped to thdé-complex were completely sequenced and nelones from the early embryonic tissue. Information about the

sequence motifs in common were found. Consistent with theselative expression of genes in tissues is thus obtained without
results again, northern blot analyses also showed distinctiverthern analyses.

MRNA sizes and tissue distributions for each of them (data not(iii) Systematic mapping of the genes provides a genome-wide
shown). Taken together, these results suggest an unexpectexiv of the distribution of genes expressed in the tissue, with

t-complex clustering of many distinctive genes expressed some hints of evolutionary and co-regulatory processes that are
extraembryonic tissues. discussed further below.

DISCUSSION Uneven genomic distribution of 7.5 EPC expressed

At 7.5 d.p.c., dramatic developmental changes in embryonl‘qcenes

tissues are laying down both organ anlage and the compl8y RT-PCR analysis, one third of the cDNAs were expressed in
placental nourishment of the nascent fetus. At first sight it mayoth embryonic and extraembryonic compartments and likely
nevertheless be unexpected that a considerable fraction of thelude housekeeping genes, but another one third were ex-
genes recovered in this study were previously undetected and thegssed only in extraembryonic tissue and the rest were expressec
they tend to cluster at some locations. Here we summarize theedominantly in the extraembryonic zone. These results sub-
major findings and discuss the possible relationship of localiztantiate both the efficacy of the dissection used to define the EPC

ation and regulation of cohorts of developmental genes. and the developmental specificity of gene expression.
Figure4 color codes the level of expression of a number of the
Three outcomes of the study genes and places them at their mapped chromosomal locations for

comparison. The striking gene clusters are apparent.

Sequencing and mapping tissue-specific gene cohorts has beClustering of coordinately expressed genes is of course
come a standard and powerful entrée to systematic functior@mmon in bacterial operon85). In mammalian genomes,
analysis. Here, with 3186 ESTs developed from the 7.5 d.p.sowever, gene clusters, where seen, are on a much larger scale
extraembryonic zone and 155 previously undetected speci@db rather than 5-20 kb) and may involve long-range chromatin
mapped to 1 cM resolution in the genome, there were thréteractions §6,37). Until now, two types of clusters have been
significant outcomes. seen. One, exemplified by thiox (31) andglobin (32) genes, is

(i) A significant fraction of the EST set showed no hits wherbased on tandem duplication and subsequent divergent evolution
compared with the 1 400 000 entries in dbEST. This suggests tlndiancient lineages(). A second, including the major histocom-
genes specifically expressed during development are not founddatibility complex 88) and sets of imprinted geneg,39),
the current large-scale EST projects, which have concentratediomolves genes that are coordinately regulated but structurally
mature tissues. Especially because of the technical and ethiaattelated. The extent to which such clusters existin mammals has
legal barriers to the study of human embryos, the mouse providasen unknown, but this is, to our knowledge, the first report of a
a key source of discovery of many genes uniquely important large cluster of genes whose defining common feature is their
the early development of placental mammals. Consequentlyp-expression at a fixed time and location. Recently, however,
specialized EST projects like this one can aid in studies that ranBanieliet al (40) have reported that genes expressed in skeletal
from positional cloning of disease genes to ‘cyberscreening’ fonuscle may be enriched on human chromosomes 17, 19, 21 and
genes of interesB@). An indication of the potential usefulness of X. Thus, clustering could be part of the global structure of
the 7.5 d.p.c. cDNA collection comes from the recent successfevolving chromosomes. On the other hand, the genes in the cohort
hunt for the Peutz—Jeghers syndrome gédkg (hich found the examined here may be a collective exception to ordinary dispersal
only EST match in the public databases, a protein kinase, amooig most genes, based on the particular requirements of the
the set described here. developing embryo, discussed below.
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Embryonis lissue |Extrasmbryoniz bssue | | Embryenic tissug (Exfragmbrycnic_tissu

Figure 5. Summary of RT-PCR analyses.

Do dosage control and implantation requirements drive First, the genes in regions like theomplex are involved in
co-localization? functions like implantation, which are specific to placental
mammals. In fact, all homozygous lethal mutants in the
Possible mechanisms underlying clustering are suggested tgomplex show abnormal phenotypes at or around the stage of
features of the regions highlighted in this study and the keiynplantation £8). An intriguing example is theVt3 mutant
developmental functions of the genes involved. (t°W73, which is known to affect implantation). Some of the
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correlatively mapped new genes in Figdreecome candidates MATERIALS AND METHODS
for sucht-lethal mutations.

Second, the regions that are enriched or deficient in EPCDNA library and screening
expressed genes undergo tight regulation of gene dosage, by .
imprinting in thet-complex and other autosomal regiofsand Ten embryos at 7.5 d.p.c. were collected from timed pregnant
by dosage compensation on the X chromosome. Consistent wt? /BL/6J inbred mice (Jackson Laboratory) according to a
this possibility, apparent gene clusters co-localize with imprintegi@ndard proceduré?). Embryos were cut in two to separate the
areas that include, in addition to theomplex, proximal UPPer portion (ectop_lacental cone and extraembryonic ectoderm)
chromosome 2 and proximal and distal segments of chromosofigm the lower portion (embryonic ectoderm). Total cell RNA
7 (Fig.2; cf. ref.39). The hint that these genes may be candidatl\ﬁ{)as extracted using a kit (Stratageng). Construction of the cDNA
imprinted loci is reinforced by the finding tHat 7Wsullgthe ibrary was performed using a kit (Life Technologies) Vo

: . . : ng total RNA mixed with 100 ng oligo(dNet primer
first new gene to be tested in work in progress, shows hemizygo  AATTCGCGGCCCGCTTTTTTTTTTTITTT-3 for first

methylation (data not shown), a hallmark of genomic imprinting} S . .
The t-complex also often exhibits haploinsufficiency in strand cDNA synthesis in a f0reaction. The cloning vector was

: X . pSPORT1 (Life Technologies) and cloning sites w#&ak and
mutagenesis expe_rlmenté;ZI. If a developmental pathway 'S Not. Cloning of inserts of average size 1.4 kb was carried out
paru_cularly sensitive to dosage of_the genes !nvolved, th\f/ithout normalization%3), in order to provide information about
requirement might serve as a possible mechanism for hap

. L . le abundance of the individual cDNA species.

insufficiency @3). For example, nuclear transplantation

experiments 4,10), analyses of complete hydatidiform moles

(11) and analyses of embryos with uniparental disod¥) (  Sequencing and sequence analyses

demonstrate that, depending on the genomic segment involved,

abnormal dosage of genes in imprinted regions results Plasmid DNA from arrayed cDNAs was isolated using the
overgrowth or deficient growth of extraembryonic tissues. On@lAwell-8 System (Qiagen) on 3 ml LB overnight cultures.
known imprinted geneévlash2 specifically controls the growth Eluted DNA (150-200 ngl) was used directly in cycle
of the placenta4®). In a formally similar manner, the extra- Sequencing reactions. Sequencing reactions were performed
embryonic tissues of mouse embryos with supernumerary %sing Applied Biosystems (ABI) M13 primers and PCR followed
chromosomes develop poorly, resulting in death of the enibryo Py analysis on an ABI 373A Automated DNA Sequencer.
utero (46,47), and at least one locus on the X chromosomépproximately 400 bp of the @nd 3ends of cDNA clones were
regulates the size of the placenta in interspecific croégps ( Obtained. _

Thus, stringent control of extraembryonic tissue growth may be Similar sequences were sought in the NCBI non-redundant
so critical for placental mammals that many genes expressedSgduence database (nr) and EST database (dbE3Hy(the
extraembryonic tissue are localized in evolutionarily advantag&@stn program and protein sequence database by the Blastx
ous, dosage-sensitive genomic regions. The need for tight dos&jgdram (4) between 1 January and 31 March 1997. The 3
control might also apply to growth of the embryo proper, becau guences that did not show significant similarity to any of these

embryonal overgrowth is seen in mouse and human when tﬁgtries (score <800) were selected and these clones were alsc
dosage of certain genes in the imprinted regions is increased> uenced from thé &nd. These sequences were also compared
h the database for any matches.

yvhen a particular growth suppressing locus on theXchromosorWérhe putative ID for individual ESTs was determined by the
is mutated (for human cases see #(S0). J]%Ilowing rules. When the Blastn score was >800, two sequences

rc?\(/)izggiggiggggloé gt]i((a) T]isb'ng:)un‘jt?j cl;‘] t;geggvgfonor?éﬁ t;j%i'r?]were identified as matched sequences and the hit was selected a:
P P y P utative identification. If the score was <300, the putative ID of

atwhich dosage is adjusted and on parental-specific contributio sequence was called ‘unknown’. If the score was >300 and
to the active gene complement. We note that there is an interestifehn -4 the hit contained any of the words ‘ribosomal RNA
coincidence of timing of the reimposition of imprinting and‘repeat' ‘repetitive’, ‘vector’, TRNA or ‘mitochondrial’ the hit ’
X—inactivation at th!s very stage of developrr_]ent (.Jf the EPCuas uséd as a pu’tative IE5. Otherwise, the putative ID of the
which may have implications for the relationship betweerigyence was classified as ‘unknown’. The rules were set rather
selective inactivation of genes and the implantation process. Fé’rhpirically. For example, a score of 818 is equivalent to
imprinted genes, the experiments on nuclear transplantation (§8€ 2 oe — 60 for 78.00% of matches in 261 bp of sequence and
above) have also shown that paternal alleles and maternal alle}egcore of 819 is equivalent o= 6.9e — 123 for 97.00% of

are differentially obligatory for development of the embryomatches in 171 bp of sequence. A score of 753 is equivalent to
(9-11). Correlatively, X-inactivation is random in the somatic2 40e — 118 for 98% identity in 156 bp of sequence and a score
cells of eutherian mammalian embryds3)( but is uniquely  of 620 is equivalent to 5.60e — 46 for 100% identity in 124 bp of
paternal in the extraembryonic tissug?)( This pattern of sequence.

parental contributions has given rise to considerable speculationmro keep up with the rapidly growing number of ESTs, the
about conflicts between maternal and paternal genomes duriggquence similarity searches were performed again more recently
embryonic development{). It now seems that the divergent (1-22 April 1998). Thirty six percent (710/1989) of th&ESTs

roles of the two parental genomes may have evolved as @wre still ‘unknown’ in the annotated sequence database (nr) and
effective method for the specific control of gene expression in the6% (326/1989) of them were ‘unknown’ in the EST database
regions where genes expressed in the cDNA collections reportbEST).

here are over- or under-represented and that some of these genédl the information, including the cDNA and PCR primer
may be mediators of this type of regulation. sequences, is available through our WWW server
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(http://mouse2.biosci.wayne.edu/ ). The EST sequence informextracted from each tissue sample and treated with RNase-free
tion was deposited in GenBank (2 May 1997) and has be@&mnase and reverse transcribed into cDNA.

publicly available since then through the NCBI (accession nos
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